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1. List of abbreviations 
alv.  alveus 
AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
AMPA-R α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
BiC  bistratified cells 
BPN  backpropagating neuron 
CA1  cornu ammonis 1 
CA3  cornu ammonis 3 
CaV  voltage-gated Ca2+ channel 
ChR2  channelrhodopsin 2-EYFP fusion protein 
EEG  electro-encephalogram 
ECl-   chloride reversal potential 
Emx1  empty spiracles homeobox 1 promoter 
EYFP  enhanced yellow fluorescent protein 
GABA  γ-amino-butyric-acid 
GABAA-R ionotropic GABA receptor 
GDP  giant depolarizing potential 
GPCR  G-protein coupled receptor 
GPSC  GABAergic postsynaptic current 
HR3  eNpHR3.0-EYFP fusion protein 
HSN  hippocampo-septal neuron 
KCC2  K+ 2Cl– cotransporter 
NKCC1 Na+ K+ 2Cl– cotransporter 
NMDA N-Methyl-D-aspartate 
NMDA-R N-Methyl-D-aspartate receptor 
O-BiC  oriens bistratified cells 
OGB1 AM Oregon Green BAPTA-1 acetoxymethyl ester 
OLM  oriens-lacunosum moleculare 
PC  pyramidal cell 
PSC  postsynaptic current 
s.l.m.  stratum lacunosum moleculare 
s.o.  stratum oriens 
SOM  somatostatin 
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SOMChR2 ChR2 expression under control of SOM promoter 
SOMHR3 HR3 expression under control of SOM promoter 
SPW  sharp wave 
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2. Zusammenfassung 
Frühe korrelierte neuronale Aktivität tritt in Form synchroner Bursts von 
Aktionspotentialen in großen Zellpopulationen und in allen Teilen des sich 
entwickelnden Gehirns auf. Eine wachsende Zahl an Studien legt nahe, dass 
synchrone Aktivität einen wichtigen Beitrag zur Reifung des neuronalen Netzwerks 
leistet und dabei auftretende Störungen zur Fehlentwicklung des Nervensystems 
führen. Aus diesem Grund ist ein mechanistisches Verständnis der Generierung 
korrelierter neuronaler Aktivität von großer Bedeutung für die klinische Forschung. Im 
unreifen Hippokampus tritt synchrone Aktivität kurz nach der Geburt auf und ist 
hochgradig von der depolarisierenden Wirkung bei synaptischer GABAA-Rezeptor-
Aktivierung abhängig. Interneurone, die GABA freisetzen, sind mit hoher 
Wahrscheinlichkeit an der Burst-Generierung beteiligt. Welche der anatomisch 
hochgradig heterogenen Subtypen GABAerger Interneurone an der Generierung 
korrelierter Aktivität im unreifen Hirn beteiligt sind, ist bislang nur unvollständig 
aufgeklärt. In der vorliegenden Dissertation wird der Beitrag der Somatostatin-
exprimierenden (SOM)-Interneurone an korrelierter neuronaler Aktivität im sich 
entwickelnden Hippokampus untersucht. 
Um die zugrundeliegenden synaptischen Mechanismen zu analysieren, kamen 
elektrophysiologische und optische Techniken an akuten hippokampalen 
Hirnschnitten von neonatalen Mäusen zum Einsatz. In einem transgenen Tiermodell 
wurde die Beteiligung von entweder glutamatergen Pyramidenzellen oder 
GABAergen SOM-Interneuronen an synchroner Aktivität mithilfe zellspezifischer 
Expression des Kalziumfarbstoffs GCaMP6s und schneller konfokaler 
Kalziumbildgebung sowie paralleler Ableitung des lokalen Feldpotentials untersucht. 
Es wurde gezeigt, dass beide Populationen während neuronaler Bursts spontan und 
hochgradig korreliert aktiv sind. Mittels der Expression des optisch-aktivierbaren 
Natriumkanals Channelrhodopsin 2 (ChR2) in SOM-Interneuronen (SOMChR2) wurden 
Aktionsströme optogenetisch induziert. Elektrophysiologische Messungen zeigten, 
dass die Photoaktivierung von SOM-Interneuronen eine GABAA-Rezeptor-abhängige 
synaptische Erregung von Pyramidenzellen zur Folge hat, die vom Chlorid-Importer 
NKCC1 abhängig ist. In Ableitungen von Pyramidenzellen mithilfe von 
Kalziumbildgebung wurde zudem gezeigt, dass die Photoaktivierung von SOMChR2 
korrelierte Netzwerkaktivität ähnlich der Spontanaktivität induziert. Komplementär 
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wurde unter Verwendung einer optogenetischen Strategie zur Hemmung von SOM-
Interneuronen der Beitrag der spontanen Feuerrate dieser Nervenzellpopulation zur 
Burst-Generierung untersucht. Zu diesem Zweck wurden transgene Mäuse 
eingesetzt, welche die lichtgetriebene Chlorid-Pumpe eNpHR3.0 (HR3), ein 
molekulargenetisch optimiertes Halorhodopsin-Konstrukt, in SOM-Interneuronen 
(SOMHR3) exprimieren. Die Photoinhibition von SOMHR3 wurde für langanhaltende 
Hyperpolarisation der Zellen optimiert und reduzierte effektiv die spontane Feuerrate 
der SOM-Interneurone. Elektrophysiologische Messungen von Pyramidenzellen 
ergaben, dass die Photoinhibition von SOMHR3 eine Reduktion der Burst-Aktivität im 
Pyramidenzellband der CA1 Region des neonatalen Hippokampus zur Folge hat. 
Zusammenfassend zeigt die vorliegende Arbeit, dass SOM-Interneurone durch 
präsynaptisches spontanes Feuern von Aktionspotentialen und eine erregende 
postsynaptische GABAA-Rezeptor Aktivierung in glutamatergen Pyramidenzellen die 
korrelierte Netzwerkaktivität im sich entwickelnden Hippokampus antreiben. Die hier 
gefundenen Ergebnisse leisten einen wichtigen Beitrag zum mechanistischen 
Verständnis spontaner korrelierter Aktivität und der aktivitätsabhängigen Hirnreifung. 
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3. Abstract 
Spontaneous correlated neuronal activity fine-tunes the developing brain and 
disturbances thereof may cause severe neurodevelopmental disorders. Hence, 
understanding the underlying mechanisms of early neuronal activity instructing the 
neuronal circuitry is a key for research of diseases and clinical prevention. In the 
immature hippocampus correlated bursts of neuronal activity occur at early perinatal 
stages and are highly dependent on a depolarizing postsynaptic current upon γ-
amino-butyric-acid (GABA) gated ionotropic receptor (GABAAR) activation. The 
contribution of GABA-releasing interneuronal subpopulations to the mechanism of 
burst generation remains elusive. In the present work, the GABAergic subpopulation 
of somatostatin-expressing (SOM) interneurons and its role in spontaneous 
correlated neuronal activity is investigated in the developing hippocampus. 
To dissect the underlying synaptic mechanisms, electrophysiological and optical 
techniques were applied in acute hippocampal brain slices from neonatal mice. In a 
transgenic approach the participation of either glutamatergic pyramidal cells or 
GABAergic SOM interneurons during bursts were elucidated by the expression of the 
genetic Ca2+ indicator GCaMP6s and fast confocal Ca2+ imaging with parallel local 
field potential recordings. It was shown that both populations are during burst activity 
in a highly correlated manner. A light-gated Na+ channel, channelrhodopsin 2 
(ChR2), was utilized in a SOM interneuron specific transgenic mouse model 
(SOMChR2) to evoke photo-activated action potential firing in this population. 
Electrophysiological measurements revealed a GABAAR-dependent synaptic 
connectivity with glutamatergic pyramidal cells in the CA1 pyramidal cell layer and an 
excitatory depolarizing mode of action at the postsynapses dependent on Cl– 
importer NKCC1. Furthermore, Ca2+ imaging from the pyramidal cell layer revealed 
that photo-activation of SOMChR2 evokes correlated neuronal activity reminiscent of 
spontaneous bursts. To elucidate the contribution of spontaneous action potential 
firing in SOM interneurons to burst generation, the light-activated chloride pump 
halorhodopsin (eNpHR3) was expressed under control of the SOM promoter 
(SOMHR3) in transgenic mice. Photo-stimulation of SOMHR3 was optimized for stable 
hyperpolarizing currents and effectively inhibited spontaneous action potential firing 
in SOM interneurons. Electrophysiological recordings from pyramidal cells revealed 
that photo-inhibition of SOM interneurons reduced burst activity in CA1 pyramidal 
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cells. The mechanism of burst population dynamics was interpreted by a recurrent 
neural network model. Modeling the experimental findings revealed that tonic or 
temporally patterned GABA release from SOM interneurons elevates the activity level 
of the network due to the excitatory action of GABA towards a threshold and thereby 
either increases the probability of burst generation or simply triggers burst activity. 
In conclusion, the present work shows that SOM interneurons drive correlated activity 
in the developing hippocampus depending on spontaneous action potential firing of 
presynaptic SOM interneurons and depolarizing postsynaptic GABAAR activation in 
glutamatergic pyramidal cells. The results provided here causal understanding of 
correlated neuronal activity with important implications for activity-dependent brain 
maturation. 
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4. Introduction 
4.1 Neuronal activity in the context of brain development 
During development, sequences of gene programs in neuron progenitors and post-
mitotic neurons sculpt the brain architecture by guiding proliferation, subtype 
differentiation, migration, dendrite and axon growth, as well as synaptic specificity 
(O'Leary and Sahara 2008, Philippidou and Dasen 2013, Bandler et al. 2017, Lim et 
al. 2018, Favuzzi et al. 2019). Those genetic programs constitute a blueprint of the 
neuronal network, but lack the capability to fine-tune neuronal circuits for mature 
functionality. A growing number of publications provide evidence that electrical 
activity fills in this gap and interacts with the genetic program to drive brain 
maturation (reviewed in Spitzer 2006). Electrical neuronal activity in the developing 
brain can be divided in two categories: 1) intrinsic spontaneously generated activity 
and 2) sensory-evoked activity. The necessity of sensory experience during a critical 
postnatal period for proper establishment of synaptic connectivity was first 
convincingly demonstrated in the visual cortex by the Nobel laureates Hubel and 
Wiesel in cats and monkeys (Hubel 1982, Wiesel 1982), and subsequently in rodents 
(reviewed in Hensch 2005). However, in the last two decades a new field of research 
developed, which considers neuronal activity patterns preceding the onset of sensory 
perception as potentially critical for brain development. Those patterns of 
spontaneous activity are intrinsically generated by immature neurons synchronizing 
neuronal assemblies. Electrical activity stimulates intracellular signaling cascades 
and drives maturation processes like neuronal migration and differentiation (Katz and 
Shatz 1996, Spitzer 2006). 
The emergence of spontaneous neuronal activity is a general characteristic of the 
immature mammalian brain and appears with the expression of voltage-gated 
channels (Luhmann et al. 2016, Griguoli and Cherubini 2017). Distinct mechanisms 
and patterns of spontaneous activity were reported at different stages in vitro and in 
vivo in all brain areas examined until now, including neocortex (Schwartz et al. 1998, 
Khazipov et al. 2004) and hippocampus (Ben-Ari et al. 1989, Leinekugel et al. 2002). 
For review of developmental spontaneuos activity see Blankenship and Feller 2010. 
Intrinsic burst-firing activates neighboring cells prenatally due to different 
mechanisms: extra-synaptic ionotropic receptor activation (Marchionni et al. 2007, 
Blankenship et al. 2009), electrical synapses or chemical synapses (Feller et al. 
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1996, Dupont et al. 2006). With the onset of chemical synaptic transmission, 
spontaneous activity recruits large neuron populations and generates correlated 
neuronal activity. In rodents, synapse-driven correlated activity occurs during the first 
two postnatal weeks between postnatal day (P) 0 and 10 (Khazipov and Milh 2018). 
Spontaneous correlated activity is observed abundantly in the regions of the 
telencephalon in vitro (Ben-Ari et al. 1989, Garaschuk et al. 1998, Dupont et al. 2006, 
Crepel et al. 2007) as well as in vivo (Leinekugel et al. 2002, Khazipov et al. 2004, 
Ackman et al. 2012, Kummer et al. 2016). The spontaneous synchronous activity 
fades out within the second postnatal week, when sensory inputs from retina and 
cochlea arise (McLaughlin et al. 2003, Babola et al. 2018). At this stage, network 
activity patterns become sparse and more complex (Buhl and Buzsaki 2005, Egorov 
and Draguhn 2013, Luhmann et al. 2016). 
In the visual system, spontaneous correlated network activity during brain 
development has been studied intensively. In vivo studies demonstrated 
synchronous bursts of spontaneous discharges in retinal ganglion cells of fetal mice 
at prenatal stages (Galli and Maffei 1988, Meister et al. 1991). In absence of visual 
perception correlated retinal activity is induced by spontaneous co-release of 
acetylcholine and γ-amino-butyric-acid (GABA) from reciprocal connected starburst 
amacrine cells (Feller et al. 1996, Zheng et al. 2004). The recurrent excitatory 
network of starburst amacrine cells generates bursts of action potentials in 
postsynaptic retinal ganglion cells. This activity spreads stochastically across the 
inner retina as so called retinal waves and synchronizes neighboring retinal ganglion 
cells (Meister et al. 1991). The correlative activity increases intracellular Ca2+ 
concentrations in the retinal ganglion cells due to the activation of voltage-gated Ca2+ 
channels (CaV) in the neuronal membrane (Ackman et al. 2012). The retinal waves 
sculpt retinotopic map formation most likely due to a Ca2+-dependent mechanism 
(McLaughlin et al. 2003, Liu et al. 2014). Disrupting retinal waves genetically causes 
developmental deficits in retinocollicular projections: distant retinal ganglion cells 
innervate the same superior colliculus cell and thereby form larger receptive fields in 
the colliculus (Liu et al. 2014). Furthermore, it has been shown that pharmacological 
blocking of retinal activity chronically disrupts ocular dominance columns of receptive 
fields in the primary visual cortex. Retinal waves interact with spontaneous correlated 
activity in the lateral geniculate nucleus and the primary visual cortex (Ackman et al. 
2012, Ackman and Crair 2014). The interaction of the immature activity patterns 
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mimics adult sensory-driven activity and instructs the maturation of the visual system 
with persistent implications for adult functions. 
Recent studies showed that correlated neuronal activity also occurs in preterm born 
human infants by the end of the second trimester (Iyer et al. 2015, Arichi et al. 2017). 
Intriguingly, specific properties of bursts recorded by electro-encephalography (EEG) 
correlate with neurodevelopmental outcome at an age of two years. This predictive 
character of early neuronal activity supports the idea that spontaneous correlated 
neuronal activity also drives brain maturation in humans. 
An increasing number of studies illuminates the different levels on which circuitry 
refinement is mediated by spontaneous activity patterns: 1) neurogenesis (Bonetti 
and Surace 2010), 2) differentiation of neurotransmitter identity (Spitzer 2017), 3) 
neuronal migration (Komuro and Rakic 1996, Heck et al. 2007), 4) axonal myelination 
(Demerens et al. 1996), 5) synapse formation (Kwon and Sabatini 2011, Soto et al. 
2012, Oh et al. 2016), 6) synaptic maturation (Kasyanov et al. 2004), and 7) neuronal 
apoptosis (Blanquie et al. 2017, Wong et al. 2018, Denaxa et al. 2018). Together 
these processes are contributing to the correct formation of brain subfields, cortical 
layer differentiation, excitation-inhibition balance, and adult neuronal functionality and 
connectivity (Hannan et al. 2001, Kilb et al. 2011, Burbridge et al. 2014, Luhmann et 
al. 2016, Che et al. 2018). 
If activity-dependent mechanisms underlie physiological brain development, 
disturbances are likely to cause neurodevelopmental diseases (Meredith 2015, 
Schmidt and Mirnics 2015, Washbourne 2015). Genetic population studies and 
experimental evidences suggest a complex background of genetic alterations for 
neurodevelopmental diseases, which cause, in combination with pre- and perinatal 
external factors, abnormal brain development (Connors et al. 2008). Some studies 
indicate that pre- and postnatal environmental risk factors might lead to the 
development of autism and autism spectrum disorders due to the disturbance of 
immature neuronal activity patterns (Ben-Ari 2015, Modabbernia et al. 2017). Recent 
experimental studies on different models of epilepsy demonstrate that the interaction 
of deficient genotypes with electrical neuronal activity and external factors 
tremendously influences the outcome of genetic predispositions (Marguet et al. 2015, 
Salgueiro-Pereira et al. 2019). For instance, Marguet et al. utilized a genetic mouse 
model carrying a current-deficient mutation of the voltage-gated K+ channel KV7 with 
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clinical significance in human epilepsy. Neonatal KV7-deficient mice show 
pronounced alterations in cortical network activity and hippocampal neuronal firing. 
They develop an adult hyperactive phenotype with pronounced behavioral 
consequences. Suppressing neuronal activity during a vulnerable period in the first 
two postnatal weeks rescued the wild type phenotype. Hence, a better understanding 
of the dynamics of early correlated neuronal activity is of great interest to resolve 
mechanisms underlying the physiology and pathophysiology of neurodevelopment. 
 
4.2 Early correlated network activity in the developing hippocampus 
The hippocampal formation is one of the best investigated regions in terms of 
neuronal activity and functions in the mature (Bannerman et al. 2014, Knierim 2015) 
and immature brain (Griguoli and Cherubini 2017). Here, neuronal network activity 
undergoes developmental changes from single-cellular spiking to small synchronous 
assemblies and large population activity (Figure 1). Spontaneous L-type channel-
mediated Ca2+ spikes occur already at embryonic day 16-19 in the CA1 pyramidal 
cell layer (Crepel et al. 2007). Studies in the spinal cord of embryonic Xenopus 
demonstrated that early Ca2+ signaling affects neuronal proliferation, migration and 
differentiation (Spitzer 1994, Gu et al. 1994). In the murine hippocampus in vitro, 
some adjacent neurons are electrically coupled and form small units, which are 
called synchronous plateau assemblies (SPA), with intrinsic firing properties 
generating several seconds-lasting plateaus of increased intracellular Ca2+ 
concentration (Crepel et al. 2007) (Figure 1). 
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Figure 1. Developmental transition of neuronal activity patterns in the murine hippocampus. 
The panel shows periods of several neuronal activity patterns during development (blue) and potential 
interactions with the genetic programs (arrows). SPA – synchronous plateau assembly, GDP – giant 
depolarizing potential, ENO – early network oscillation, SPW – sharp wave 
After birth, so called sharp waves (SPWs) are the most prominent spontaneous 
activity patterns in the developing hippocampus in vivo (Figure 1). SPWs are 
recorded in local field potential measurements as solitary fast deflections indicating 
activity in a large number of neurons accompanied by unit activity and occurring in a 
frequency range of several events per minute (Sipilä et al. 2006, Leinekugel et al. 
2002). They show similarities to SPW-ripples observed in the adult hippocampus, 
which are associated with spatial memory consolidation (Roux et al. 2017). However, 
until the end of the second postnatal week, immature SPWs miss the typical 140 Hz 
to 200 Hz ripple oscillation of mature SPWs (Buhl and Buzsaki 2005). In vitro 
preparations of the hippocampus also show the ability to reliably generate 
spontaneous rhythmic activity and thereby synchronize large neuronal populations. 
The activity pattern is characterized as long quiescent periods which are interrupted 
by prominent bursts of action potential firing simultaneously in large numbers of 
neurons (Ben-Ari et al. 1989). The several hundred milliseconds lasting 
depolarizations of the neuronal membrane potential accompanying the bursts are 
called giant depolarizing potentials (GDPs, Figure 1). They depend on glutamate and 
GABA-mediated synaptic transmission. It is still under debate whether SPWs are the 
in vivo counterpart to GDPs (Sipilä et al. 2006, Buzsaki 2015). The transition from 
SPW to SPW-ripple activity coincides with the generation of other rhythms like theta 
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and gamma oscillations in vivo and with the loss of the hippocampal capacity to 
generate GDPs in in vitro preparations (Egorov and Draguhn 2013). 
With the ubiquitous expression of CaV the depolarizations trigger L-type CaV to open 
and cause transient increases of free intracellular [Ca2+], so called Ca2+ transients. 
Due to the burst-firing of action potentials and corresponding depolarization, GDPs 
are strong drivers of Ca2+ transients and directly cause influx of Ca2+ in the 
participating cells (Garaschuk et al. 1998). Large scale recordings show that GDPs 
are propagating as Ca2+ waves or early network oscillations from CA3 into CA1 and 
adjacent areas of the entorhinal cortex and surprisingly vice versa in a retrograde 
direction (Shi et al. 2014, Barger et al. 2015). Ca2+ signaling is believed to be the 
principal link between neuronal activity and neuron maturation (West and Greenberg 
2011). As a second messenger, intracellular Ca2+ controls proliferation, migration, 
differentiation and synaptic maturation of neurons (Yap and Greenberg 2018). This 
predestines GDPs as drivers of Ca2+ signaling-mediated changes in genetic 
expression patterns and intracellular protein rearrangement. This idea is discussed in 
an in vitro study, indicating that GDPs might act as coincidence detectors and 
thereby provide a mechanism to potentiate synaptic strength at mossy fiber 
projection synapses on CA3 pyramidal cells (PCs, Kasyanov et al. 2004). Recent 
studies in the developing cortex demonstrated that spontaneous neuronal activity is 
also positively regulating interneuron survival in a Ca2+ dependent manner (Denaxa 
et al. 2018, Priya et al. 2018, Wong et al. 2018). Further evidence indicates that 
similar mechanisms might exist for PC survival with region-specific differences 
(Ikonomidou et al. 1999, Blanquie et al. 2017). Thereby spontaneous correlated 
activity potentially provides a mechanism to balance the composition of GABAergic 
and glutamatergic neurons in the developing brain. 
 
4.3 Developmental shift of GABAA receptor-mediated membrane polarization 
GDP generation depends on recurrent synaptic excitation due to activation of 
postsynaptic N-methyl-D-aspartate receptors (NMDA-Rs) and α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPA-Rs), and, hence, on glutamate 
release from PCs (Ben-Ari et al. 1989, Bolea et al. 1999). Interestingly, it also relies 
on ionotropic GABA receptor (GABAAR) activity. The contribution of GABAARs to 
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GDP generation is mediated by a depolarizing current (Sipilä et al. 2005). The 
depolarizing action of GABA at resting membrane potential is a general feature of 
neonatal neurons which is observed not only in slice preparations, but also in vivo 
(Kirmse et al. 2015). There is a lively debate going on in the field, how depolarization 
upon GABAAR activation modulates neuronal activity (Bregestovski and Bernard 
2012). A large number of studies on brain slice preparations from newborn mice 
demonstrated an excitatory action of GABA upon GABAAR-mediated synaptic 
transmission. However, in the intact brain, GABAAR activation evokes smaller 
depolarizing potentials and causes shunting of excitatory postsynaptic currents 
(Kirmse et al. 2015). Taking into account that GABAARs are permeable for Cl– and 
HCO3–, the electrochemical driving force of both ions contribute to the GABAAR 
current (Kaila et al. 1989). Several in vitro studies illuminated that, beside the positive 
reversal potential of HCO3–, which is maintained stable over development and 
adulthood, the positively shifted reversal potential of Cl– (ECl-) underlies 
depolarization upon GABAAR gating in immature neurons (Ben-Ari et al. 1990, 
Cherubini et al. 1991, Leinekugel et al. 1997, Ben-Ari et al. 2007). The elevated 
intracellular Cl– concentration [Cl–]in at immature stages is established by the Cl– 
loading activity of the Na+-dependent K+ 2Cl– cotransporter NKCC1 (Figure 2) 
(Yamada et al. 2004). Beyond the first postnatal week, [Cl–]in decreases due to up-
regulation of expression of the K+-dependent 2Cl– cotransporter KCC2 which is 
maintained high throughout adulthood (Rivera et al. 1999, Ben-Ari et al. 2012, Sato 
et al. 2017). 
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Figure 2. Developmental shift of membrane polarization upon GABAAR activation. 
Top: NKCC1 and KCC2 maintain neuronal [Cl–]in homeostasis driven by the electrochemical gradients 
of Na+ and K+ in a Na+/K+ ATPase-dependent manner. Bottom: During development, due to a 
decrease in the ratio of Cl– transport between NKCC1 and KCC2, GABAAR-mediated current shifts 
from depolarizing to hyperpolarizing at resting membrane potential. The triangles qualitatively indicate 
the electro-chemical gradient of Cl– across the neuronal membrane. EX – extracellular space, IC – 
intracellular space 
The developmental shift in ECl- renders GABAAR activation hyperpolarizing in mature 
neurons. Besides shunting, hyperpolarization is an important mechanism of the 
inhibitory function of GABAergic interneurons. Blocking NKCC1 in the immature 
hippocampus reduces the depolarizing action of GABA and attenuates the frequency 
of spontaneous correlated neuronal activity in vitro (Valeeva et al. 2013) and in vivo 
(Sipilä et al. 2006). Moreover, pharmacological inhibition of KCC2 activity increases 
the frequency and synchrony of GDPs in slices from neonatal rodents (Spoljaric et al. 
2019). The establishment of GABAergic synapses precedes that of glutamatergic 
transmission during PC development in the hippocampal CA1 (Tyzio et al. 1999). 
During development, emerging glutamatergic synapses lack AMPA-Rs and are silent 
upon glutamate release at resting membrane potential due to the voltage-dependent 
Mg2+ block of NMDARs. Hence, sole glutamate release at silent synapses does not 
evoke NMDAR-mediated Ca2+ influx and excitatory postsynaptic potentials (EPSPs). 
Recurrent correlated neuronal activity triggers action potential firing in many cells 
simultaneously and thereby activates GABAARs at GABAergic synapses close to 
silent glutamatergic synapses, which by chance receive glutamate at the same time. 
GABAergic sub-threshold depolarization facilitates NMDA-R currents due to a 
reduction of Mg2+ block (Leinekugel et al. 1997). The corresponding Ca2+ transients 
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are important for the recruitment of AMPA-Rs to the glutamatergic synapses in a 
process which is referred to as synapse unsilencing (Zhu et al. 2000). This process is 
also involved in the unsilencing of immature neurons in the optical tectum of Xenopus 
in vivo and depends on depolarizing GABAergic inputs (van Rheede et al. 2015). The 
control of GDP generation by depolarizing GABAAR-mediated synaptic transmission 
suggests that interneurons have an important role in GDP generation and synaptic 
maturation. 
 
4.4 Diversity of hippocampal SOM interneurons 
Interneurons are divided into subclasses by their morphology, electrophysiological 
properties, embryonic origin or expression of molecular markers (Somogyi and 
Klausberger 2005, Tricoire et al. 2011). The latter is of outstanding interest, since it 
allows addressing distinct interneuron types via immuno-histochemistry or transgenic 
approaches, like the cre-lox P technique. Among the major molecularly defined 
GABAergic subpopulations are neurons expressing somatostatin (SOM), which are 
present in the perinatal hippocampus (Hennou et al. 2002). SOM is a genetically 
encoded peptide which is well described for its role as a hormone in the digestive 
system. As neurotransmitter, SOM modulates neuronal excitability and responses via 
pre- and postsynaptic action on G-protein coupled receptors (Liguz-Lecznar et al. 
2016). 
Most of the SOM interneurons show regular spiking. Some have slow firing and a 
small proportion has fast spiking properties (Mikulovic et al. 2015). This difference is 
likely related to the different functional demands of SOM expressing neuron 
subtypes. In the adult brain, CA1 SOM interneurons are involved in the control of 
high-frequency ripple oscillations (140-180 Hz), which are associated with 
hippocampus-dependent memory consolidation (Stark et al. 2014). Among other 
molecular subtypes, SOM interneurons are one of the first interneuron populations 
present in the postnatal hippocampus and originate from the medial (MGE) and in 
smaller number from the caudal (CGE) ganglionic eminence (Figure 3) (Pleasure et 
al. 2000). MGE interneurons contribute to GDP generation in the developing CA3 
and CA1 (Wester and McBain 2016). Further it was shown, that hub interneurons, a 
functional und morphologically defined population of super-connected pioneering 
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MGE-derived interneurons, are partially SOM positive and contribute to the 
synchronization of the neonatal hippocampus (Picardo et al. 2011, Cossart 2014, 
Modol et al. 2017). 
 
 
Figure 3. Overview of SOM interneuron circuitry in CA1 pyramidal cell layer of the adult 
hippocampus. 
Axons and cell bodies are indicated in the color of the corresponding neuron, dendrites are indicated 
as black lines. Long-range projecting hippocampo-septal neurons (HSN) and back-propagating 
neurons (BPN) reside in stratum oriens (s.o.) and send axon projections along the alveus (alv.) fibers 
or stratum lacunosum moleculare (s.l.m.) into adjacent and distal brain regions. Local projecting 
oriens-lacunosum moleculare (OLM) neurons, bistratified cells (BiC) and oriens-bistratified cells (O-
BiC) innervate different dendritic domains of CA1 PCs. For simplicity, no local projections from PCs to 
interneurons and synapses between interneurons are shown. s.p. stratum pyramidale, s.r. stratum 
radiatum 
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Among anatomical defined and well characterized SOM interneurons in the adult 
hippocampus are two different dendrite-targeting subtypes: I) bistratified cells (40% 
of CA1 SOM interneurons) (Baude et al. 2007) and II) oriens lacunosum-moleculare 
(OLM, 35% of CA1 SOM interneurons) neurons (Figure 3) (Leao et al. 2012). The 
somata of bistratified cells in the CA1 reside mainly within the stratum pyramidale, 
except oriens-bistratified cells (Figure 3), which are located in stratum oriens with 
horizontally running dendrites and heterogeneous innervation of local and distal PCs 
in subiculum and CA3 (Klausberger 2009). The dendrites of bistratified cells extend 
to strata oriens and radiatum. They co-express parvalbumin which correlates with 
fast-spiking properties. Almost all axonal projections of BiCs terminate on the basal 
and apical shafts of PCs and target dendrites aligned with PC projections from CA3. 
This circuitry is thought to support gamma-oscillations (30-80 Hz) in the adult brain 
via an inhibitory action of GABA (Tukker et al. 2007). 
Soma and dendrites of OLM neurons are restricted to stratum oriens and the alveus 
(Pelkey et al. 2017). The axon of OLM neurons terminates in the stratum lacunosum 
moleculare. OLM interneurons receive excitatory inputs from entorhinal cortex, as 
well as from CA3 and CA1 PC collaterals, which provides a feedback inhibition in 
combination with their projections to apical dendritic tufts of the same cells (Leao et 
al. 2012). They fire at high frequencies and have low parvalbumin expression levels. 
Ventral hippocampal OLM-interneurons are driving type 2 theta-oscillations (4-9 Hz) 
which are associated with emotion-related behavior (Mikulovic et al. 2018). CA1 
OLM-interneurons are further regulating object memory encoding and fear-related 
memory (Siwani et al. 2018). Recently, a single-cell transcriptomic study revealed at 
least 13 clusters of expression patterns in SOM interneurons with implications for 
different neuron subtypes (Harris et al. 2018). Among those clusters, the authors 
identified OLM neurons, BiCs, long-range projecting hippocampo-septal neurons 
(HSN) with projections to medial septum and subiculum, and nitric oxide synthase 1 
positive back-projecting neurons (BPN) targeting subiculum, dentate gyrus and CA3 
(Figure 3). However, the authors stated that the transitions between those 
subclasses are gradual and expression patterns as well as anatomical features within 
the groups are heterogeneous. 
Due to the overlap of SOM interneurons with neuronal populations that are involved 
in the control of correlated activity in the adult and immature hippocampus, they are 
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promising candidates for a subtype-specific characterization of the mechanisms 
underlying spontaneous correlated neuronal activity. 
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5. Objectives of the study 
The interactions of spontaneous neuronal activity and brain development are of great 
interest to understand neurodevelopmental diseases. The GABAergic system plays a 
special role in the control of early correlated network activity. However, it remains 
elusive how molecular defined subpopulations of interneurons causally contribute to 
synchronous activity. 
Whether and how somatostatin expressing interneurons as a molecular defined 
subgroup of GABAergic interneurons contribute to early correlated neuronal activity 
in the developing hippocampus is still unknown. The present study dissects the 
mechanistic contribution of SOM interneurons to network activity in the neonatal 
hippocampus via optogenetic and pharmacological manipulations. The experimental 
observations were further tested in a computational recurrent neuronal network 
model (in collaboration with V. Rahmati and S. J. Kiebel) to investigate the 
mechanisms underlying population dynamics. 
 
The present work addresses the issues: 
(1) Do SOM interneurons participate in spontaneous correlated neuronal 
activity in the CA1 pyramidal cell layer of the developing hippocampus? 
 
(2) Do SOM interneurons have output synapses on CA1 PCs and, if so, what 
is their mode of action? 
 
(3) Does temporally patterned GABA release from SOM interneurons trigger 
correlated neuronal activity in the developing hippocampus? 
 
(4) Are SOM interneurons causally involved in the generation of spontaneous 
correlated neuronal activity in the immature CA1? 
 
(5) Which mechanism underlies the generation of spontaneous correlated 
neuronal activity in the neonatal network? 
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7. Addendum: Optimized photo-stimulation of eNpHR3.0 
This chapter presents additional results that are not part of the published manuscript. 
The methodological development reported here served as an important prerequisite 
for conducting optogenetic manipulations based on eNpHR3.0, as applied in 
Flossmann et al. (2019). 
 
7.1 Improvement of eNpHR3.0-derived photocurrents 
A widely used optogenetic strategy for inhibition makes use of the light-driven Cl– 
pump eNpHR3.0 (HR3). A major drawback of HR3 is its fast inactivation kinetic upon 
prolonged illumination rendering long-term hyperpolarization via HR3 complicated 
(Han and Boyden 2007, Tonnesen et al. 2009). 
 
Figure 4. HR3-derived photocurrents upon 594 nm photo-stimulation show strong inactivation, 
which is reduced by co-illumination with light at 488 nm wavelength. 
(A) Whole cell patch-clamp recordings from a SOM interneuron expressing HR3 with repetitive photo-
stimulation. Stimulation was applied for 30 s with continuous 594 nm illumination or excitation with 
488 nm and 594 nm wavelengths alternating at 1000 Hz. Subsequent illumination was applied at 
488 nm (1 s) for acceleration of the recovery rate. Traces were down-sampled to 100 Hz. Some 
postsynaptic currents (PSCs) were clipped (#) for clarity. (B) and (C) Effect of stimulation regimes (594 
versus 488/594) on steady state current (Isteady state) and charge transfer during illumination period (n = 
6 cells). *p < 0.05, **p < 0.01 
Addendum: Optimized photo-stimulation of eNpHR3.0 
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The measurements were obtained from the same cells as in Flossmann et al. (2019). 
According to the literature, the highest peak currents were achieved upon illumination 
with yellow light (Zhang et al. 2007). In whole-cell voltage-clamp recordings at a 
holding potential of –70 mV, excitation at 594 nm and ~5 mW output power at the 
fiber tip induced outward currents with fast on- and off-kinetics. However, during 
continuous stimulation, the photocurrents exhibited pronounced inactivation as they 
decayed with a time constant of 2.9 ± 0.4 s (n = 6 cells, Figure 4A-B). 
τdecay was obtained as mean value of τ from each particular cell. τ was derived from a 
fit of the first 10 s of the photocurrent to a mono- (1) or bi-exponential (2) function 
with C fixed to the baseline current at pre-illumination period. τ from the bi-
exponential fit was calculated as weighted τw (3). 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝐴 × 𝑒−∆𝑡τ + 𝐶   (1) 
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝐴1 × 𝑒−∆𝑡τ1 + 𝐴2 × 𝑒−∆𝑡τ2 + 𝐶 (2) τ𝑤 =  τ1×𝐴1+τ2×𝐴2𝐴1+𝐴2      (3) 
The application of subsequent illumination at 488 nm (1 s, ~5 mW) accelerated the 
recovery from inactivation and showed a notable photocurrent (Figure 4A). 
Combining 594 nm and 488 nm illumination in an alternating manner at 1000 Hz 
significantly improved steady-state photocurrents upon long-term HR3 stimulation 
(594 nm: 2.1 pA ± 0.8 pA; 484/594 nm: 15.8 ± 3.1 pA, paired t-test, p = 7.8 × 10–3; 
Figure 4A, C). This was reflected in a significantly higher charge transfer during the 
stimulation period (594 nm: 136 nA ms ± 22 nA ms; 488/594 nm: 480 nA ms 
± 90 nA ms, paired t-test, p = 0.010; Figure 4D). The optimized photo-stimulation 
regime was used to achieve long-term inhibition of spontaneous activity in SOM 
interneurons (Flossmann et al. 2019). 
The here found observations led to a study to characterize photo-inactivation and 
wavelength-dependent recovery of HR3 in more detail and provide a significantly 
enhanced stimulation protocol for long-term photo-inhibition in neurons (Zhang et al. 
unpublished manuscript). 
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8. Discussion 
The present work combined optical, electrophysiological and computational 
approaches to elucidate the role of SOM interneurons in structuring GDPs, the 
predominant correlated neuronal activity in immature murine hippocampal slice 
preparations. 
The main findings of the present study are: 
(1) During GDPs SOM interneurons and glutamatergic PCs are co-active in a 
highly correlated manner. 
 
(2) At the perinatal stage SOM interneurons have excitatory GABAAR-
mediated synaptic projections to PCs. 
 
(3) Excitatory GABAergic transmission from SOM interneurons depends on 
chloride import by NKCC1. 
 
(4) Synchronous stimulation of GABA-release from SOM interneurons 
evokes correlated activity reminiscent of GDPs and dependent on 
NKCC1. 
 
(5) Inhibition of spontaneous action potential-mediated GABA release from 
SOM interneurons attenuates GDP activity. 
 
(6) Computational modelling suggests two mechanisms underlying GDP 
generation in a bi-stable network with excitatory GABA: 1) temporally 
patterned GABA release from SOM interneurons triggers GDPs and 2) 
tonic action potential firing of SOM interneurons drives the network closer 
to a threshold for GDP generation. 
 
8.1 Methodological considerations 
8.1.1 Animals 
The questions addressed here were tackled in an in vitro model, using acute 
hippocampal brain slices from transgenic neonatal mice. Neonatal mice at the first 
postnatal week are a model of the last trimester of human pregnancy (Romijn et al. 
1991, Clancy et al. 2001). The phenomenon of sensory-independent correlated 
activity during development can be found in preterm human infants as well as in 
neonatal mice (Iyer et al. 2015). Though acute brain slices consist of a reduced 
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neuronal network, they can be studied under controlled conditions: temperature, pH, 
nutrition support, application of indicators and pharmacological substances can be 
controlled on a precise time scale and changes can be administered in a highly 
reproducible manner. Further, the brain slices can be maintained vital for several 
hours and do generate correlated neuronal activity spontaneously, which is thought 
to be analogous to that found under in vivo conditions (Ben-Ari et al. 1989, Sipilä et 
al. 2006). 
The transgenic driver lines Emx1IREScre (Jackson, Stock No. 005628) and SOMIREScre 
(Jackson, Stock No. 013044) were used for cell-specific cre-dependent expression 
(Gorski et al. 2002, Taniguchi et al. 2011). All reporter genes were expressed under 
control of the constitutive CAG promoter at the Gt(ROSA)26Sor locus upon cre-
recombination of the loxP-flanked STOP cassette, which provides ubiquitous and 
homogenous transcription in the target cell populations (Zambrowicz et al. 1997, 
Madisen et al. 2009). The Emx1 promoter is specific for excitatory glutamatergic 
neurons like PCs and is also translated in glia, but not GABAergic neurons (Gorski et 
al. 2002, Kummer et al. 2012). The specificity of SOMIREScre mice was evaluated and 
demonstrated to be separated from glutamatergic Satb2-positive neuron population 
in the neonatal CA1 (Flossmann et. al 2019, Figure S1A-B). 
8.1.2 Optogenetic approaches 
To dissect the synaptic contribution of SOM interneurons to the generation of 
correlated activity, optogenetic actuators were cell-specifically expressed. 
Optogenetic approaches are minimally invasive and powerful tools to investigate 
connectivity and functions of single neurons or neuron populations in a circuitry 
(Emiliani et al. 2015). 
For activation of SOM interneurons, a channelrhodopsin 2 (ChR2) fused to an 
enhanced yellow fluorescent protein (EYFP) was expressed in transgenic mice 
(SOMChR2) to evoke depolarizing currents in SOM interneurons (Boyden et al. 2005). 
The expressing cell population can be identified by the EYFP tag of the construct. 
ChR2 is a light-gated cation channel with fast on-kinetics, a net depolarization and 
permeable to: H+ >> Na+ > K+ >> Ca2+ (Nagel et al. 2003). These properties allow a 
temporally precise photo-inducible depolarization at the membranes of neuronal 
somata, dendrites and axons where ChR2 is present with homogeneous distribution. 
It was verified that photo-stimulation of slices from SOMChR2 mice evoked AP firing by 
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depolarizing photocurrents in SOM interneurons, but not PCs (Flossmann et al. 2019, 
Figure 2B-D). A general methodical constraint of combining optogenetics and Ca2+ 
imaging is a crosstalk between indicator excitation for the readout of network activity 
and photo-stimulation of optogenetic actuators in neurons. Excitation of Ca2+ 
indicator OGB1 and photo-stimulation of ChR2 are achieved at the same wavelength 
of 488 nm. This could induce unintended photocurrents during baseline conditions. 
This concern was addressed in unpaired comparisons of spontaneous GDPs in 
slices from wild type and SOMChR2 mice (Flossmann et al. 2019, Figure S2). No 
major changes of GDP parameters were observed during Ca2+ imaging in slices from 
SOMChR2 mice. 
For optogenetic inhibition, an enhanced halorhodopsin derived from Natronomonas 
pharaonis and fused to EYFP as expression reporter, eNpHR3 (HR3), was 
expressed in SOM interneurons (SOMHR3). As a strategy for photo-inhibition, HR3 
was chosen over other optogenetic actuators, like the H+ pump Arch, which changes 
the intracellular pH upon photo-stimulation or light-gated Cl– conducting 
channelrhodopsins (Wietek et al. 2015). The mode of action of Cl– permeable 
channelrhodopsins strongly depends on the local intracellular Cl– concentration and 
might provide even depolarizing currents, especially in immature neurons due to the 
elevated intracellular chloride levels (Ben-Ari et al. 2007). HR3 has the advantage to 
pump chloride into the cells driven by photo-activation with a transport kinetic 
relatively independent of intracellular chloride concentrations at physiological 
conditions. The fast on and off kinetics of HR3-derived photocurrents enables a 
temporally precise hyperpolarization, which puts HR3 in favor over photo-activated 
G-protein coupled receptors with slower off kinetics by more than one order of 
magnitude (Masseck et al. 2014). It has to be considered that photo-stimulation of 
HR3 is increasing the intracellular chloride concentration and thereby shifts ECl- 
towards higher values rendering GABA more depolarizing (Raimondo et al. 2012). 
Further, using hyperpolarization as strategy to inhibit neuronal firing might activate 
hyperpolarization-activated (Ih) currents like those of HCN-channels, which may 
attenuate the effect by tonic depolarizing currents (Sartiani et al. 2017). Due to the 
quite negative voltage threshold of HCN-channel activation and comparatively small 
photocurrents of HR3, this effect is negligible. Here, it was demonstrated that HR3-
mediated inhibition is sufficient to reduce action current frequency and GABAergic 
postsynaptic currents (GPSCs) to stable levels during the stimulation period 
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(Flossmann et al. 2019, Figure 4C-F). However, the incomplete inhibition of action 
potential firing in SOM interneurons indicates an underestimation of the contribution 
of SOM to the GABAergic control of correlated neuronal activity. Another limitation of 
combining optogenetics with Ca2+ imaging is that the high-power optogenetic 
stimulation bleaches the indicator and masks dynamics of the Ca2+ signals. For that 
reason, neuronal activity was electrophysiologically recorded and GDPs were 
identified as bursts of postsynaptic currents (PSCs) in experiments with optogenetic 
inhibition of SOM interneurons (Flossmann et al. 2019, Figure 4G-K). 
 
8.3 Integration of SOM interneurons in the circuitry of the neonatal CA1 
Although large parts of CA1’s circuitry are established during the postnatal period, it 
has to be considered that cell composition and connectivity at neonatal stages are 
different from the adult stage: First, transient neuronal populations like neurons 
expressing corticotropin-releasing hormone appear only during postnatal 
development and vanish after the second postnatal week (Chen et al. 2001). Second, 
the final number of neurons within glutamatergic and GABAergic subpopulations is 
not set at the first postnatal week due to subsequent activity-dependent apoptosis 
(Blanquie et al. 2017, Denaxa et al. 2018). Third, some GABAergic and glutamatergic 
populations, like thalamo-cortical SOM interneurons (Marques-Smith et al. 2016) or 
CA1 PCs form transient circuits during development (Aniksztejn et al. 2001). SOM 
interneurons are likely to receive excitatory inputs from PCs, as mature OLM 
interneurons in CA1 receive local and distal glutamatergic inputs from CA1 and CA3 
or the entorhinal cortex (Leao et al. 2012). Further evidence for a high connectivity of 
SOM interneurons with PCs comes from a study revealing that MGE-derived 
interneurons, which give rise to SOM and PV interneurons, are highly interconnected 
with PCs at the neonatal stage (Wester and McBain 2016). As adult OLM 
interneurons and BiCs are equipped with synaptic projections from and to other 
GABAergic interneurons (Chamberland and Topolnik 2012), SOM interneurons are 
also likely to receive GABAergic inputs and target other interneurons at the immature 
state. In the present work, the mutual participation of SOM interneurons and 
glutamatergic PCs in GDPs of the neonatal CA1 demonstrates the synaptic 
integration of SOM interneurons into the CA1 neuronal network (Flossmann et al. 
2019, Figure 1). Attenuating GABAAR-mediated depolarization by application of 
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NKCC1 inhibitor bumetanide did not only reduce correlated activity in PCs, but also 
in SOM interneurons indicating a recurrent circuitry (Flossmann et al. 2019, Figure 1). 
Here, it has been experimentally demonstrated, that SOM interneurons have 
excitatory output-synapses on PCs (Flossmann et al. 2019, Figure 2E-I). The 
depolarizing action is mediated by GABAAR activation and dependent on Cl– import 
by NKCC1. As no postsynaptic currents were observed in PCs under conditions of 
GABAAR blockers, SOM- or GABA-mediated GPCR signaling does not significantly 
contribute to changes in postsynaptic membrane polarization. Further, SOM 
interneurons account for a considerable fraction of spontaneous GABAergic inputs to 
PCs, as demonstrated by a reduction of GPSCs by ~30% upon photo-inhibition of 
SOMHR3 (Flossmann et al. 2019, Figure 4F). Taking into account that photo-inhibition 
of spontaneous action current firing in SOM interneurons down to ~25% is 
incomplete, the impact of SOM interneurons to spontaneous neuronal activity is 
underestimated (Flossmann et al. 2019, Figure 4D). Thus, neonatal SOM 
interneurons are integrated into the hippocampal network. They account for a 
considerably high proportion of excitatory GABAergic inputs to PCs, which puts them 
in a highly connected position within CA1’s recurrent circuitry. This finding aligns with 
the description of super-connected hub cells in the neonatal hippocampus, which are 
to some extend identified as SOM positive via immuno-staining (Villette et al. 2016). 
 
8.4 Towards the mechanisms of SOM interneuron-mediated GDP generation 
In vitro, SOM interneurons have a baseline firing rate of 2.0 ± 0.6 Hz which is five-
times higher than that of PCs (0.4 ± 0.4 Hz, Flossmann et al. 2019, Figure 4C-D). 
The elevated spontaneous activity is probably a result of excitatory glutamatergic and 
GABAergic inputs in combination with a high excitability, which is reflected in a high 
membrane resistance. This might be further amplified by intrinsic firing properties, as 
SOM expressing OLM interneurons in the adult hippocampus are fast-spiking and 
equipped with oscillation mediating hyperpolarization-activated currents (Griguoli et 
al. 2010, Mikulovic et al. 2015). Bi-directional control of electrical activity in SOM 
interneurons by either patterned activation or tonic inhibition scaled with GDP activity 
(Flossmann et al. 2019, Figures 3-4). Simultaneous optogenetic activation of SOM 
interneurons evoked GDPs in an NKCC1-dependent manner (Flossmann et al. 2019, 
Figure 3). This behavior demonstrates that SOM interneurons conduct parts of the 
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recurrent excitatory circuitry in CA1 by GABAAR-mediated depolarization. 
Perturbation of excitatory feedback from SOM interneurons to PCs in the 
computational model mirrored the experimental observation of a reduction of 
simulated GDPs (simGDPs, Flossmann et al. 2019, Figures 1, 3 and S4). Tonic 
photo-inhibition of SOM interneurons reduced GPSCs, spontaneous mixed PSCs 
and GDPs, which goes in line with a study showing that perturbation of activity in 
MGE-derived interneurons attenuates correlated activity in hippocampal CA1 (Wester 
and McBain 2016). The idea of SOM interneuron-mediated feed-forward excitation 
agrees with the explanation that a recurrent excitatory circuitry of GABAergic and 
glutamatergic synapses is involved in GDP generation (Ben-Ari et al. 2007), as well 
as with in vivo evidence for a GABAergic control of synchrony during hippocampal 
SPWs (Bitzenhofer and Hanganu-Opatz 2014). 
Some studies suggest that GABAergic interneurons are the main local source of 
recurrent excitation in CA1 (Garaschuk et al. 1998, Wester and McBain 2016). As 
SOM interneurons are likely to be a part of the local recurrent excitatory GABAergic 
network, it raises the question whether sole recurrent GABAergic excitation is able to 
induce GDPs. Patterned activation of SOM interneurons, under conditions when 
glutamatergic synaptic transmission was blocked, was strongly attenuated in its 
ability to synchronize the hippocampal network (Flossmann et al. 2019, Figure S3G-
I). The same outcome was reproduced for simGDPs, when either recurrent 
connectivity within the PC population or from the PC to the SOM interneuron 
population was removed (Flossmann et al. 2019, Figure S5). Concurrently, 
perturbation of connectivity within the SOM interneuron population affected simGDPs 
to a much lesser degree (Flossmann et al. 2019, Figure S5). This behavior indicates 
a smaller impact of sole recurrent GABAergic than mixed recurrent GABAergic and 
glutamatergic transmission on network synchronization in CA1. In accordance with 
the computational model, high spontaneous firing rates and increased excitability of 
SOM interneurons provide a persistent increase of PC activity due to GABAAR 
dependent excitation rendering the network closer to an amplification threshold for 
correlated activity (Flossmann et al. 2019, Figure 5D-E). In addition, SOM 
interneurons directly contribute to network activity amplification by recurrent feedback 
excitation to PCs. Thus, the present work demonstrates that SOM interneurons as 
part of the local excitatory GABAergic network are not able to synchronize PCs 
Discussion 
 
 
29 
without the recurrent glutamatergic network, indicating PCs as main source of 
correlated activity in the immature CA1. 
As GDPs are large-scale events which are initiated in different hippocampal regions 
and the entorhinal cortex (Garaschuk et al. 1998), it is of mechanistic interest 
whether SOM interneurons may contribute to the propagation of GDPs. Mature OLM 
interneurons in CA1 receive glutamatergic inputs from CA3 and might therefore 
amplify the excitatory input from the Schaffer collateral pathway at immature stages. 
Furthermore, immature long-range projecting neurons which reside in CA3 or 
entorhinal cortex and have output synapses in CA1 may synchronize neurons across 
distal hippocampal areas (Picardo et al. 2011, Villette et al. 2016). These long-range 
projecting interneurons express SOM and are likely to support the propagation of 
correlated neuronal activity from CA3 anterograde to CA1. PCs in CA3 are highly 
interconnected and provide a recurrent glutamatergic circuitry, which by mutual 
GABAergic excitation provides a strong drive of GDP generation and renders this 
region a major origin of GDPs in the hippocampus (Menendez de la Prida et al. 1998, 
Barger et al. 2015). The potential function of SOM interneuron-mediated propagation 
of GDPs from CA3 raises the question whether this is a main mechanism explaining 
the control of GDPs by bi-directional modulation of SOM interneuron activity. To 
address this issue, the synaptic connectivity between CA3 and CA1 was 
mechanically removed (Flossmann et al. 2019, Figure S3A-E). Although the GDP 
frequency tended to be reduced in CA1 under these conditions, the synchronizing 
capacity of SOM interneurons upon optogenetic activation and more strikingly the 
dependency of GDPs on spontaneous GABA release from SOM interneurons was 
preserved (Flossmann et al. 2019, Figure S3A-E). This supports the idea that SOM 
interneurons contribute to local GDPs by a GABAergic contribution to a local 
recurrent excitatory network in CA1, independent of propagating network activity from 
adjacent CA3. However, the mechanisms discussed here agree with studies showing 
that SOM expressing hub interneurons synchronize adjacent hippocampal and 
neocortical areas by a projection to spatially distributed PCs (Picardo et al. 2011, 
Villette et al. 2016). 
The presented study provides new insights into a mechanistic understanding of the 
SOM interneuron-specific GABAergic control of correlated activity in the developing 
CA1. 
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9. Conclusions 
Main conclusions drawn from the study are: 
(1) SOM interneurons participate in spontaneous correlated neuronal activity 
in the neonatal CA1. 
 
(2) GABAAR-mediated synaptic transmission from SOM interneurons excites 
glutamatergic PCs in the immature CA1. 
 
(3) Synchronous GABA release from SOM interneurons triggers the 
generation of correlated neuronal activity in an NKCC1-dependent 
manner. 
 
(4) Spontaneous firing of SOM interneurons underlies a considerable fraction 
of GABAergic PSCs in neonatal CA1 PCs. 
 
(5) Tonic or temporally patterned activity of SOM interneurons shifts the 
network state towards an amplification threshold for the generation of 
correlated neuronal activity in the developing hippocampus. 
 
SOM interneurons integrate early into the neonatal hippocampal network and provide 
a considerably large fraction of spontaneous synaptic GABAergic inputs to PCs. 
They drive correlated neuronal activity in CA1 by an excitatory GABAAR-mediated 
action dependent on NKCC1-driven Cl– import. The recurrent excitatory connectivity 
of SOM interneurons and PCs facilitates correlated neuronal activity in CA1. Two 
underlying mechanisms were demonstrated: 1) tonic spontaneous activity of SOM 
interneurons elevates the firing rate of PCs closer to an amplification threshold for 
correlated activity and 2) activation of PCs by temporally patterned GABA release 
from SOM interneurons amplifies neuronal activity and generates synchronous 
activity. The mechanistic insights obtained from the present work complement 
existing studies in the field. Moreover, the here demonstrated early causal 
involvement of SOM interneurons in hippocampal synchronization expands our 
knowledge how the developing circuitry gives rise to correlated activity in the 
absence of sensory inputs. The reported findings have important implications for 
activity-dependent brain development.  
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